A sequential injection methodology for the spectrophotometric determination of calcium, magnesium and alkalinity in water samples is proposed. A single manifold is used for the determination of the three analytes, and the same protocol sequence allows the sequential determination of calcium and magnesium (the sum corresponds to the water hardness). The determination of both metals is based on their reaction with cresolphtalein complexone; mutual interference is minimized by using 8-hydroxyquinoline for the determination of calcium and ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) for the determination of magnesium. Alkalinity determination is based on a reaction with acetic acid, and corresponding color change of Bromcresol Green. Working ranges of 0.5 -5 mg dm -3 for Ca, 0.5 -10 mg dm -3 for Mg, and 10 -100 mg HCO3 -dm -3 , for alkalinity have been achieved. The results for water samples were comparable to those of the reference methods and to a certified reference water sample. RSDs lower than 5% were obtained, a low reagent consumption and a reduced volume of effluent have been accomplished. The determination rate for calcium and magnesium is 80 h -1 , corresponding to 40 h -1 per element, while 65 determinations of alkalinity per hour could be carried out.
Introduction
Water quality assessment includes monitoring several parameters, usually classified as physical-chemical properties, major ions, metals, nutrients, organic compounds and microbiology control. Because changes in water composition can be an indicator of pollution or contamination, the importance of frequent water monitoring is obvious. Calcium and magnesium, water hardness, and alkalinity are among the major ions to be determined routinely. The first two are usually determined by flame atomic absorption spectrometry (FAAS), inductively coupled plasma (ICP) or complexometric titration with ethylenediamine tetraacetic acid (EDTA) as water hardness. 1 Alkalinity is determined by acid-base titration using either visual or potentiometric detection. 1 Due to the recognized importance of these parameters, some flow-injection systems have been proposed for these determinations. The use of the same flow manifold for the determination of calcium and magnesium either involved FAAS 2 or molecular absorption methods. 3 In the latter case, the methodology was based on their reaction with EDTA, followed by monitoring the color change of two indicators, murexide for calcium or eriochrome black T for Ca plus Mg. A logarythmic function was established between the time interval and the concentration of each cation. Flow-injection methods present a limitation of usually requiring one manifold per determination. Even if the same manifold can be used, reagents have to be replaced to carry out another determination. This limitation can be overcome by using the sequential injection (SIA) approach introduced by Ruzicka and Marshall. 4 SIA is based on the sequential aspiration of the sample and reagents to a holding coil using a selection valve; subsequently, the flow is reversed and the stacked zones overlap on the way to the detector. Multi-parameter manifolds can be more easily established, just by adding more reagent solutions in the selection valve ports. This approach also minimizes the reagent consumption and the produced volume of effluent, an important step towards a cleaner chemistry. For the determination of calcium, two SIA systems based on the same colorimetric reaction between cresolphtalein complexone and calcium have been described. 5, 6 For the determination of both calcium and magnesium, SIA systems with atomic absorption 7 and spectrophotometric 8, 9 detection were proposed. The spectrophotometric systems involved non-selective chromogenic reagents, followed by an appropriate mathematical treatment. In this paper a novel sequential injection procedure is proposed to individually determine calcium and magnesium in water, using spectrophotometric detection. Although FAAS presents the advantage of better selectivity and simpler sample preparation, it requires more expensive equipment. On the other hand, if spectrophotometric detection is used instead in a flow manifold, potential advantage can be used to carry out other routine water parameters, like the determination of alkalinity, presented in this paper. In this work a single system with the same protocol sequence is described for the determination of calcium and magnesium. In order to make this possible, it was necessary to use only one wavelength, which was accomplished by using the same chromogenic reagent, cresolphtalein complexone (CPC), for both metals. 10 However, an appropriate choice of the masking agent had to be made to avoid mutual interference. 8-Hydroxyquinoline was used to complex magnesium 6 in the calcium determination, and EGTA was used to complex calcium 10 in the magnesium determination.
As for alkalinity determination, no applications were found based on the SIA concept.
However, a flow-injection spectrophotometric method was developed based on the pseudotitration concept (peak-width measurement) involving a reaction with HCl and a corresponding change of an acid-base indicator. 11 Two other systems were reported based on the usual peak-height measurements. 12, 13 These systems deal with either a reaction with acetic acid or a phtalate buffer, and a corresponding change of an acid-base indicator (Bromcresol Green, or Methyl Orange). Other flow-injection systems have also been described for this determination. [14] [15] [16] A multicommutation system was reported in which a classical titration is simulated in the flow system. 17 In this work, the methodology based on the acetic acid procedure was chosen to implement the first SIA system for alkalinity determination. Because this procedure only required two solutions, it was integrated in the same manifold developed for the calcium and magnesium determinations.
The novelties of the developed SIA procedure include: i) to accommodate individual determination of calcium and magnesium, using the same chromogenic reagent; ii) minimization of mutual interference in the determination; iii) use of the same system and protocol sequence for the determination of both parameters; iv) determination of the alkalinity in the same manifold without the need to use a flow adaptation of a classic conventional titration procedure; and v) minimization of reagent consumption and the volumes of the produced effluents.
Experimental

Reagents and chemicals
All solutions were prepared with analytical reagent-grade chemicals and Milli-Q water after being degassed for 15 min in the ultrasonic bath.
A 1 g dm -3 calcium stock solution, obtained by dissolution of 0.626 g of calcium carbonate in 3.5 cm 3 of concentrated hydrochloric acid, and diluted to 250 cm 3 , was used to prepare working standards in the range of 0.2 to 5 mg Ca dm -3 .
The same procedure was used to prepare a 1 g dm -3 magnesium stock solution, but weighing 2.87 g of magnesium nitrate hexahydrate; working standards in the range of 0.5 to 10 mg Mg dm -3 were prepared from the stock solution. Mixed standards of calcium and magnesium were prepared with the following composition: 0.5 and 0.5, 1 and 2, 3 and 6, 5 and 10 mg dm -3 , respectively. A 14 g dm -3 2-amino-2-methyl propan-1-ol (AMP) buffer solution (pH = 11.4) was prepared from 1.4 g of AMP in 100 cm 3 3 of water, was used to prepare alkalinity working standards in the range of 10 to 100 mg dm -3 . A stock solution of Bromcresol Green (BG) 0.05% was obtained by dissolving 50 mg of the solid in 10 cm 3 of ethanol and diluting to 100 cm 3 of water. The reagent for alkalinity (RA) was prepared daily by the addition of 0.125 cm 3 of acetic acid 0.8 mol dm -3 (obtained from proper dilution from the concentrated acetic acid, d = 1.05; 100%) to 11 cm 3 of BG 0.05% and diluting to 50 cm 3 .
Apparatus
Solutions were propelled with a Gilson Minipuls 3 peristaltic pump with a PVC pumping tube connected to the central channel of an eight-port electrically actuated selection valve (Valco VICI 51652-E8).
All tubing connecting the different components of the flow system were made of PTFE from Omnifit with 0.8 mm i.d.
A Hitachi 100-40 UV/Vis spectrophotometer with a Hellma 178.711-QS flow-cell (10 mm light path, 0.030 cm 3 inner volume) was used as the detection system. The wavelength was set at 572 nm for determining both the calcium and magnesium, and at 611 nm for determining the alkalinity. Analytical signals were recorded in a Metrohm E 586 Labograph strip chart recorder.
A personal computer (Samsung SD700) equipped with a PCL818L interface card, running a homemade software written in QuickBasic 4.5, controlled the selection valve (SV) position and the peristaltic pump sense and speed.
Sequential injection manifold and procedure
The manifold for the determination of calcium, magnesium and alkalinity in water samples is depicted in Fig. 1 . The sequences of the steps and respective time are given in Table  1A for calcium and magnesium, and Table 1B for the alkalinity.
This manifold was designed to accommodate the determination of the three parameters; however, the wavelength had to be changed from 572 nm, used for calcium and magnesium, to 611 nm, used for the alkalinity.
The determinations of calcium and magnesium began with the determination of calcium (steps A to D). Firstly, cresolphtalein complexone was aspirated (step A), followed by the masking agent for magnesium, 8-hydroxiquinoline (step B), and then the sample (step C). The stacked zones were then sent to the detector (step D). After that, the determination of magnesium was initiated (steps E to J) with the sequential aspiration of cresolphtalein complexone (step E), the masking agent for calcium, EGTA (step F), sample (step G), a second plug of EGTA (step H) and a second plug of cresolphtalein complexone (step I) to the holding coil. Then, the flow was reversed to send the plugs to the detector (step J).
As for the determination of the alkalinity (Table 1B) , the reagent was aspirated (step A), followed by the sample (step B); both were then sent to the detector (step C).
Results and Discussion
Optimization of calcium and magnesium determination
The optimization of the system for each element was carried out separately; however, some preliminary studies were carried out to set some parameters.
Both the determination of calcium and magnesium involved the same color reagent, cresolphtalein complexone in a buffer solution. Some experiments were carried out to define the buffer to be used. These studies showed that cresolphtalein complexone reagent was more stable in AMP buffer than in acetate buffer. In fact, when it was prepared in acetate buffer, the intrinsic absorption of the solution decreased by 20% in just 2 h. If AMP buffer was used instead, this solution presented the same absorption during one working day. In order to select an appropriate wavelength, a series of spectra were traced for both complexes of CPC with calcium and magnesium. They were traced with and without masking agents; in every case, the absorption maximum was at 572 nm, and so this was the chosen wavelength.
Because the same color reagent was used for both determinations, it was essential to apply masking agents to eliminate any mutual interference. Nevertheless, the volume of the masking buffer should be as small as possible to minimize the sample dispersion and do not jeopardize the reagent and sample overlapping. Thus, in both cases it was set at 0.023 cm 3 (minimum volume with good precision). Mutual interference was initially evaluated by injecting the interfering agent and comparing the corresponding signal to the blank. If the obtained signal was not significantly different from the blank, it would be an indication that interference might not occur.
In the sequential injection system, the reaction of cresolphtalein complexone was about 4.5-times more sensitive for calcium than for magnesium. Along with this feature, the requirement of using EGTA as a masking buffer for calcium further decreased the sensitivity of magnesium determination. Supported by this conclusion, we used a double plug of a color reagent, cresolphtalein; in this way, a 20% sensitivity increase was achieved as well as better repeatability. This procedure also implied a double plug of the masking agent, EGTA, to ensure that the sample would be first in contact with the masking agent before the reaction with CPC.
Concerning the manifold, the length of the reactor (R) was set to a minimum of 65 cm, because the color reaction was fast.
Calcium
The first parameter to be studied was the aspirated volumes. The CPC volume was tested, ranging from 0.075 to 0.225 cm 3 ; because the sensitivity increased up to 0.125 cm 3 , this was the volume chosen. As for the sample volume, the range of the study was 0.150 -0.275 cm 3 . Because the results showed that there was no further increase in the sensitivity for volumes above 0.250 cm 3 , this was the volume chosen.
Then, with the optimized volumes a study of the concentration of both CPC and Q was performed. A concentration of 0.24 g dm -3 CPC was chosen among 0.04, 0.14, 0.24, 0.34 g dm -3 , because a higher concentration increased the analytical signal, but not the sensitivity, while lower concentrations decreased the sensitivity as well as the linearity.
A study of the Q concentration was conditioned based on the requirement of dissolving the solid in sulfuric acid. This was a limitation, since for a sulfuric acid concentration higher than 0.18 mol dm -3 no reaction with CPC was observed, due to a loss of the buffer capacity of the reagent solution. Thus a concentration study was carried out up to a higher quantity of Q that could be dissolved in the 0.18 mol dm -3 concentration of sulfuric acid. The Q concentration was tested from 2.5 to 15 g dm -3 , and the higher concentration was chosen due to its efficient reduction of magnesium interference up to 10 mg dm -3 , as only a 5% increase in the blank signal was registered. For a concentration of 15 mg dm -3 magnesium, the deviation on the blank signal was 9%. Calibration curves in the presence of 10 mg dm -3 of magnesium were traced, and it was found that the slope decreased by 9%, and the absorbance value for the 2 mg dm -3 standard increased by 6%. This was considered to be acceptable, because the magnesium concentrations in water samples are usually less than 10 mg dm -3 .
Magnesium
Based on preliminary studies, an option was made to intercalate the sample between two reagent plugs. Thus a study of the sample volume was the first to be carried out. The tested range was from 0.025 to 0.300 cm 3 , where the sensitivity increased up to 0.200 cm3; this was thus the chosen volume. For volumes higher than 0.250 cm 3 , the calibration was no longer linear. The CPC volume was tested from 0.100 to 0.200 cm 3 where a volume of 0.175 cm 3 was chosen, because for higher volumes there was no longer an increase in the sensitivity.
After setting the volumes, the concentrations of both the color reagent, CPC, and the masking agent, EGTA, were also studied. The concentration of CPC was varied over the range of 0.10 to 0.25 g dm -3 ; there was a loss in linearity for both 0.10 and 0.25 1207 ANALYTICAL SCIENCES AUGUST 2004, VOL. 20 g dm -3 . Between 0.15 and 0.20 g dm -3 a compromise of reagent saving and sensitivity led to the choice of 0.15 g dm -3 . The EGTA concentration was varied from 0.30 to 4.0 g dm -3 . With both 1.8 and 2.4 g dm -3 , the interference of 25 mg dm -3 calcium was efficiently reduced, showing a blank deviation of < 5%. The concentration of 1.8 g dm -3 was chosen because a concentration of 2.4 g dm -3 induced a strong decrease in the sensitivity of the magnesium determination. The same thing occurred for higher EGTA concentrations. Calibration curves in the presence of 25 mg dm -3 of calcium were traced, and it was found that the slope increased by 2%, and the absorbance value for the 3 mg dm -3 standard increased by 3%. These interference percentages are quite low, indicating that there is no significant interference of up to 25 mg dm -3 calcium; in water samples such high calcium levels usually do not occur.
Sequential determination of calcium and magnesium
In order to analyze calcium and magnesium with a single manifold and protocol sequence, all of the optimized parameters were maintained, except for the concentration of CPC. It would be useful to use the same CPC solution for both determinations, therefore making use of just one port of the selection valve; the concentration was set at 0.15 g dm -3 . This system required the use of standards having both calcium and magnesium. Although the interference studies pointed out that there was no significant mutual influence, a complementary study was carried out to assess the influence on the calibration curve from preparing mixed standards solutions. No significant differences were obtained in the corresponding calibration curves; a slope deviation of 1.2% was observed for calcium and 0.5% for magnesium.
Determination of alkalinity
For the alkalinity determination, two calibration curves were set: a linear calibration for the determination within the range of 10 -50 mg HCO3 -dm -3 and a polynomial calibration for a wider range, 10 -100 mg HCO3 -dm -3 . The first parameter to be optimized was the sample volume. A volume of 0.150 cm 3 was chosen from the tested volumes of 0.100, 0.150 and 0.175 cm 3 as the sensitivity increased up to that value. The following study was related to the volume of the reagent solution. A range of volumes (0.175 to 0.250 cm 3 ) was tested, and 0.225 cm 3 was chosen. The increase in sensitivity resulting from increasing from 0.200 to 0.225 cm 3 was small, but justifiable.
The determination of alkalinity was based on the reaction of the weak bases in the sample solution with acetic acid, with the corresponding color change of the acid base indicator (Bromcresol Green). This indicator was used because it is the one recommended for this determination (total alkalinity) in the classical reference method, and so comparable results could be obtained. The concentration of acetic acid was varied from 1 × 10 -3 to 4 × 10 -3 mol dm -3 and 1.5 × 10 -3 mol dm -3 was chosen as a compromise between increasing sensitivity and maintaining linearity for the range of 10 -50 mg HCO3 -dm -3 . The last parameter studied was the concentration of Bromcresol Green. For this study, a wide range of BG concentrations was tested from 40 to 140 mg dm -3 , and a concentration of 110 mg dm -3 of BG was selected. The sensitivity kept increasing along with the increase of the BG concentration, but above the chosen value linearity was not observed for the range of 10 -50 mg dm -3 .
Features of the system
Some of the characteristics of the developed methodologies, like the corresponding calibration curves, limit of detection (LOD) and limit of quantification (LOQ), repeatability and determination rate are summarized in Table 2 . The LOD and LOQ were calculated as the concentration corresponding to the blank average (assessed by ten consecutive injections of water) plus three or ten-times its standard deviation, respectively, according to IUPAC recommendations. 18 The sample frequency was calculated based on the time spent per cycle. A complete analytical cycle took about 1.5 min for both calcium and magnesium, and took about 54 s for alkalinity. An analytical cycle is the sum of the time needed for each step plus the time necessary for the port selection in the selection valve.
This corresponds to a sample consumption of 0.450 cm 3 per determination for calcium and magnesium determination and 0.150 cm 3 for alkalinity determination. The overall reagent consumption per determination of calcium and magnesium was: 71 µg CPC; 0.33 mg Q; 0.106 mg EGTA; 7.27 mg AMP; 0.41 mg sulfuric acid. As for the alkalinity determination, the overall reagent consumption was: 25 µg BG and 27 µg acetic acid.
Application to water samples
Different water samples were tested in the developed system, and the results were compared to those obtained by the respective reference methods (Tables 3 and 4 For the determination of calcium and magnesium, the reference method was FAAS. 1 The reference method for the total alkalinity was a titration with either visual or potentiometric detection at a fixed pH. The SIA results were compared with both end-point assessment methods.
1208
ANALYTICAL SCIENCES AUGUST 2004, VOL. 20 To evaluate the accuracy of the developed methodologies, a relation of the type CSIA = C0 + S × CRM (where CSIA is the sequential injection result and CRM the result of reference method) was established. The equation parameters and the 95% confidence limits are presented in Table 5 . These values show that the slopes are close to unity, whereas the intercepts are close to zero; the analysis of the results for a 95% confidence level 19 shows that there is no statistical difference between the reference methodologies and the sequential injection procedures.
For an additional confirmation of the accuracy of the developed methods, a certified reference water sample (drinking water, Calgary-93, Canada, National Water Research Institute) was analyzed. Relative deviation percentages of -3.7, 3.0 and -9.9, corresponding to the concentrations of 46.4 mg Ca dm -3 , 13.3 mg Mg dm -3 , and 121 mg CaCO3 dm -3 (alkalinity), respectively, were obtained.
Conclusions
The possibility to accommodate the determination of calcium, magnesium and alkalinity in the same sequential injection manifold was demonstrated, without the need to change the reagents, which occurs in flow-injection systems. Moreover, the same protocol sequence was used for both the calcium and magnesium determinations, thus allowing us to monitor the water hardness as well as the individual metal concentrations. The reaction with CPC can be used for the determination of both metals if appropriate masking complexing agents are used. The sensitivity is good, and permits an appropriate working range for these metal contents in water samples. Regarding the alkalinity determination, it was possible to make this determination without the need to simulate a classical titration; this strategy leads to a higher sampling rate than those of FIA or SIA pseudo-titrations, or then titrations in flow systems like multi-commutation; the data treatment is also simplified. However, we recognize that, due to the classical definition of alkalinity inherent to a classical end-point titration, the results for some wastewater samples with bases with different strengths might not be comparable.
It should also be stressed the low consumption of the reagents and the reduced volume of the effluent produced, important aspects in today's quest for cleaner analytical methodologies. 
